Abstract: Biomass energy and especially biofuels produced by biomass gasification are clean and renewable options for power plants. Also on hot days the performance of gas turbines decrease substantially and fog cooling is a useful method for mitigating this problem. In the present paper, a biomass-integrated fogging steam injected gas turbine cycle is analyzed with energy and exergy methods. Increasing the compressor pressure ratio is observed to increase the air flow rate in plant but to reduce the biomass flow rate. Also increasing the gas turbine inlet temperature decreases the air and biomass flow rates. By increasing the pressure ratio the energy and exergy efficiencies increase, especially at lower pressure ratios. Increasing the gas turbine inlet temperature increases the both efficiencies.
Introduction
The performance of a gas turbine, particularly output power and energy efficiency, is significantly affected by ambient temperature. This is especially problematic during hot and humid summer periods when power demands often peak. The cooling of inlet air, which is one of way to increase energy efficiency, involves spraying water droplets into the turbine inlet air to reduce its temperature towards the corresponding wet-bulb temperature. Depending on the injected water amount and injection location, three kinds of fogging systems can be identified:
• High pressure fogging (evaporative fogging) [1] : During the injection of water into the compressor inlet duct, water evaporation is completed before the air enters the compressor.
• Overspray fogging (wet compression) [2] [3] [4] : The quantity of water injected into the inlet air exceeds greatly the amount required for air saturation. Hence, a percentage of the water (often ~2%) remains in a liquid phase (i.e., as overspray) and enters the compressor for evaporation there. This method includes a series of high pressure reciprocating pumps providing demineralized water to an array of fogging nozzles located after the air filter elements. The nozzles create a large number of micron size droplets which evaporate, cooling the inlet air to wet bulb conditions.
• Fog intercooling (interstage injection) [5] : The water is injected through the compressor stator blades in order to provide traditional intercooling during compression.
The most advantageous among the available systems is difficult to determine and usually depends on ambient conditions (e.g., ambient air temperature and relative humidity) and design parameters (e.g., air flow rate to gas turbine, power output ratio and number of hours per day in which additional power is needed).
An energy analysis of fogging inlet cooling with overspray demonstrated that inlet air fogging increases the power input to the compressor, reaching the highest value when the inlet air is saturated with moisture [6] . The reason given for this result is that decreasing the inlet air temperature causes an increase in its density and mass flow rate. Since gas turbines are constant volume machines, at a given shaft speed they move the same volume of air. But the power output of a turbine depends on the flow of mass through it, which is why on hot days, when air is less dense, the power output declines. A 1 ᵒC temperature rise of inlet air leads to a 1%decrease in power output, while increasing the heat rate of the turbine [7] .
Steam injection, in which superheated steam is injected into the combustion chamber of a gas turbine, is a useful method for enhancing performance.
It is possible to utilize both techniques through the FSTIG (gas-turbine cycle with steam injection and simultaneous cooling) method. The use of fogging along with steam injection in a gas turbine reduces the inlet air temperature [8] .With this method, the amount of water vapor produced in the boiler is reduced because of the lower temperature of the exhaust gas exiting the turbine. The FSTIG method can modify the performance of cycles by coupling renewable and environmentally benign energy sources. Efforts continue to increase the utilization efficiency of many renewable energy sources [9] .
Biomass (e.g., paper, agriculture residue, forestry residue, straw, wood waste, sawdust, paddy husk)
can be used as a renewable energy source, and is relatively abundant, clean and carbon dioxide neutral.
Biomass can be converted to biofuels via gasification and other methods. Biofuels are usually used for electricity and/or heat generation. Integrated electricity generation cycles that utilize gasification of solid and/or liquid biomass can be environmentally benign and cost effective [10] [11] [12] . Nonetheless, biomass fired power plants have some challenges (e.g., relatively low efficiencies), and methods have been proposed in recent years to integrate biomass gasification and natural gas fired gas turbines, to exploit the environmental benefits of the former and the thermal performance and efficiency benefits of the latter [13] [14] [15] [16] [17] . But better understanding of such integrated systems is needed before they can be more widely applied, and that is the focus of this work. In the present paper, therefore, the biomass integrated fogging steam injected gas turbine (BIFSTIG) is assessed with energy and exergy analyses.
Parametric studies are included to assess the effects of various design parameters on the thermodynamic performance of the cycle. The results are expected to have practical application, since the considered cycle is used for supplying the energy in villages and small towns, especially in tropical locations.
Plant description and modeling

BIFSTIG Plant
In the considered BIFSTIG plant (see Fig. 1 ), inlet air at ambient conditions (given in Table 1 ) enters the fogging cooler. The latent heat of vaporization of water is exploited for cooling, since the water is evaporated in the air stream through adiabatic cooling. Hence the cooling energy efficiency is close to 100%. Adiabatic saturation cooling is a process in which air is cooled from the dry bulb temperature to the wet bulb temperature. In this process, the latent heat of vaporization of the water is provided by sensible heat from the air as the water evaporates, reducing in the air stream temperature while increasing its relative humidity to 100%. Due to overspray (usually up to 2%), water particles often are present at the fog cooler exit. In this study, adiabatic mixing is assumed in the fogging cooler.
Fig. 1. Gas turbine cycle with steam injection and inlet fogging cooler
The compressor in the BIFSTIG cycle raises the pressure of the saturated air to the combustion chamber pressure. The biomass fuel (wood in the present case) is gasified, and the producer gas from the gasifier enters the combustion chamber. The hot combustion gases expand in the turbine, generating mechanical power, and then enter the heat recovery steam generator (HRSG). There, superheated vapor is produced and for injection into the combustion chamber.
Biomass can be advantageously utilized in this way because biomass-fired gas turbines alone usually cannot attain an adequately high turbine inlet temperature (TIT), while biomass and biofuels have limits regarding system reliability and fuel flexibility.
Assumptions and data
The assumptions and data which used in the BIFSTIG analyses are listed in Table 1 . 
Device or condition Assumptions and data
Ambient parameters
 Inlet air is at atmospheric conditions, i.e., P 1 = 101.325 kPa, T 1 = 318 K and φ amb = 60%
 Air composition is 79% nitrogen and 21% oxygen, by vol. The overspray process consists of inlet fogging and wet compression. With inlet fogging, water is injected at approximately 1-2% of the air mass flow rate.
Thermodynamic modeling and simulation
In modeling and simulating the cycle, mass, energy and exergy balances are written for the BIFSTIG cycle and its components. The exergy analysis considers "Exergy of fuel" and "Exergy of product" [21] [22] [23] [24] [25] . Before performing the analysis, it is helpful to define the terms used: , E  ,
respectively mass flow rate, exergy rate, exergy destruction (irreversibility) rate. The mass and energy balance equations for the all components are summarized by Table 2 , but we describe the exergy equations below due to their significance.
Exergy rate balances for the fogging cooler, the compressor and the combustion chamber can be written as follows:
where numerical subscripts denote locations identified in Fig. 1 . The turbine inlet temperature (TIT) is determined according to Table 2 , using energy analysis and the specified inlet gases for the turbine. To determine the steam injection to the combustion chamber, we define x as the ratio of injected steam from the HRSG to the combustion chamber per 20 kg inlet air mass), and utilize energy equations for the combustion chamber. Thus, the value of FA (ratio of fuel mass injected from combustion chamber to 20 kg inlet air mass) is obtained. Exergy rate balances for the turbine the heat recovery steam generator and gasifier can be written as: 
Validation of results obtained for cycle
The achieved results are validated in two ways. Initially we compare the fogging results with results of others and then the biomass results are compared.
The fogging results obtained in this research are compared with experimental work by Sanaye and
Tahani [6] . This comparison is shown in Part A of 
Results and discussion
The variations with compressor pressure ratio of the biomass and air flow rates are shown in Fig. 2a for the BIFSTIG plant. As pressure ratio increases, the air mass flow rate increases and the biomass flow rate decreases for low values of r p . At higher values of r p the curves become flat and even rise.
This observation indicates that increasing the compressor pressure ratio increases the size of the power plant. High values of r p may, consequently, increase the power plant cost due to factors such as the need for thick component wall to withstand the high pressure ratio and the increased cost associated with the air mass flow rate for larger power plants. However, a comprehensive thermoeconomic analysis is needed to determine the actual costs and trends for various cases. Fig. 2a . Variation of biomass and air mass flow rates with r p , for the BIFSTIG plant
The variations with gas turbine inlet temperature of biomass and air flow rates are shown in Fig. 2b for the BIFSTIG plant. As TIT increases, the biomass and air mass flow rates decrease, indicating that increasing the TIT decreases the size of power plant. However, as TIT increases the cost of the gas turbine increases. These differing trends make it difficult to ascertain trends with turbine inlet temperature regarding power plant cost, and likely require comprehensive case-dependent thermodynamic and thermoeconomic analyses. The variations of energy and exergy efficiencies with r p are shown in Fig. 3 for the BIFSTIG plant.
Increasing the compressor pressure ratio raises both efficiencies. The rate of increase with r p is sharper at lower values of r p , while at higher values of pressure ratio the increase in energy and exergy efficiencies with r p is approaches zero and even decreases when r p > 30.
Fig. 4. Variations of energy and exergy efficiencies with TIT, for the BIFSTIG plant 11
The variations of energy and exergy efficiencies with TIT are shown in Fig. 4 for the BIFSTIG plant. Increasing TIT raises both efficiencies, at roughly the same rate. Component exergy efficiencies are shown in Fig. 6 for the BIFSTIG plant, for the maximum energy efficiency condition, i.e., for constant value of TIT and net power output. The gas turbine exhibits the highest exergy efficiency and the combustor the lowest. The other components large exergy destruction in the combustor is attributable to the fact that irreversible chemical reactions occur there along with heat transfers across large temperature differences. The large exergy destruction in the fog cooler is attributable to mixing of streams at different temperatures, while the low exergy efficiency of the gasifier is mainly due to chemical reactions in this component. The variations of combustor exergy efficiency and exergy destruction rate with r p are shown in Fig. 7 for BIFSTIG plant and, for comparative purposes, a FSTIG plant, which is the BIFSTIG configuration except with natural gas as the fuel. This alternative is included to compare the combustion chamber exergy efficiency and exergy destruction rate for these two conditions. Increasing the pressure ratio raises the combustor exergy efficiency and lowers the exergy destruction rate for both cycles. But, the decrease in exergy destruction rate with increasing r p is sharper for the BIFSTIG than the FSTIG plant.
In fact, for the latter case, the exergy destruction rate decreases with pressure ratio to a peak and then increases at higher values of r p . (biomass integrated gas turbine with fog cooling) and BIGT (biomass integrated simple gas turbine).
For the FSTIG plant, increasing r p raises the energy efficiency to a peak, beyond which the energy efficiency decreases. For the BIFSTIG, BISGT, BIFGT and BISGT plants, however, increasing the pressure ratio has a notably different influence on the energy efficiency. That is, the efficiency increases sharply with r p to a value of about 30 and then decreases slightly as r p increases further.
Conclusions
During hot and humid summer periods, when power demand often peaks, compressor inlet cooling is an effective method for offsetting the typical decline in gas turbine performance, while steam injection to the combustion chamber, using steam raised from the turbine exhaust gases in a heat recovery steam generator, is an effective use for the hot gas turbine exit gases. Biomass gasification can be efficiently integrated with a gas turbine cycle for cleaner electricity generation. The biomass integrated fog cooling and steam injection plant gas turbine cycle proposed and analyzed here with energy and exergy methods has significant potential and understanding of its behavior has been improved via the present results. That is, increasing the compressor pressure ratio r p and gas turbine inlet temperature TIT increases the energy and exergy efficiencies. Also, increasing r p and TIT decreases the biomass flow rate, while the air mass flow rate increases with increasing r p and decreases with increasing TIT.
Overspray raises the net power output and the energy efficiency, with the influence on former being more significant. Moreover, increasing the r p and TIT raises the combustor exergy efficiency for the BIFSTIG plant, while increasing the pressure ratio raises the energy efficiency. However, there is an optimum point in terms of a specific pressure value in the natural gas fired plant (FSTIG). For the maximum energy efficiency condition of the BIFSTIG plant, the component exergy efficiency is highest for the turbine and the lowest for the combustor. The BIFSTIG combustor exergy efficiency is lower than for a similar plant fired with natural gas. 
